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ABSTRACT: A series of linear HCV NS3/4A protease
inhibitors was designed by eliminating the P2−P4 macrocyclic
linker in grazoprevir, which, in addition to conferring
conformational flexibility, allowed structure−activity relation-
ship (SAR) exploration of diverse quinoxalines at the P2
position. Biochemical and replicon data indicated preference
for small hydrophobic groups at the 3-position of P2
quinoxaline for maintaining potency against resistant variants
R155K, A156T, and D168A/V. The linear inhibitors, though
generally less potent than the corresponding macrocyclic
analogues, were relatively easier to synthesize and less
susceptible to drug resistance. Three inhibitor cocrystal
structures bound to wild-type NS3/4A protease revealed a conformation with subtle changes in the binding of P2 quinoxaline,
depending on the 3-position substituent, likely impacting both inhibitor potency and resistance profile. The SAR and structural
analysis highlight inhibitor features that strengthen interactions of the P2 moiety with the catalytic triad residues, providing
valuable insights to improve potency against resistant variants.
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Hepatitis C virus (HCV) is the leading cause of liver diseases
such as cirrhosis, fibrosis, and liver cancer. Themost recent

estimates indicate that at least 70 million people worldwide have
chronic HCV infection, and about 1.75 million new cases are
recorded each year.1 The treatment of HCV infection has been
challenging due to high genetic diversity of the virus and a lack of
antiviral drugs that effectively target all HCV genotypes.2

Fortunately, recent advances in direct-acting antivirals (DAAs)
targeting the HCV NS3/4A, NS5A, and NS5B proteins have
significantly improved sustained virological response (SVR) in
patients across genotypes.3 However, the high genetic diversity of
HCV and the rapid emergence of drug resistance necessitate the
use of combination therapies with two or three drugs from
different classes to effectively treat infected patients.
HCVNS3/4Aprotease inhibitors (PIs) are a key component of

new all-oral combination therapies.3 The five FDA approved PIs
are all macrocyclic acylsulfonamides with different heterocyclic
moieties at theP2position.4Of these, paritaprevir and grazoprevir
are active against most HCV genotypes,5,6 while the recently
approved glecaprevir and voxilaprevir exhibit pan-genotypic
activity.7,8 These newPIs are also significantlymore active against
most polymorphic and drug resistant HCV variants.9 The
development of NS3/4A PIs with pan-genotypic activity and
improved resistance profiles marks a major milestone in anti-
HCV drug discovery.

Despite remarkable improvements in potency and resistance
profiles, the current NS3/4A PIs are still susceptible to drug
resistance due to substitutions at one or more amino acid
positions in the target protein.10,11 Themost common resistance-
associated substitutions (RASs) in the NS3/4A protease occur at
residues Arg155, Ala156, and Asp168. Inhibitors show varying
susceptibility to RASs at these and other positions depending on
the heterocyclic moiety at the P2 position and the location of the
macrocycle.12,13 Grazoprevir (1) (Figure 1) was the first NS3/4A
PI to show activity against most HCV genotypes and resistant
variants due to its unique binding conformation.12,14 The P2
quinoxaline moiety in 1 largely avoids direct interactions with
residues Arg155 and Asp168, but instead interacts with the
catalytic His57 and Asp81.12 As a result, 1 maintains potency
against substitutions at Arg155 and is onlymoderately susceptible
to substitutions at Asp168. However, the P2−P4 macrocycle in 1
causes steric clashes with larger substitutions at Ala156, resulting
in drastically reducedpotency.12Both glecaprevir and voxilaprevir
are also P2−P4 macrocyclic compounds structurally similar to 1
and are expected to bind in similar conformations, as indicated by
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their particularly high susceptibility to substitutions at Ala156.9,15

These three PIs currently in clinical use indeed exhibit similar
resistance profiles and thus are prone to cross-resistance.
Therefore, more robust NS3/4A PIs need to be developed,
preferably incorporating diverse structural features.
Wehave shown that the unique binding conformation of1does

not depend on the P2−P4macrocycle, as the P1−P3macrocyclic
and linear analogues, 5172-mcP1P3 (2) and 5172-linear (3)
(Figure 1), still bind in a similar conformation as the parent
compound.16 In the absence of the P2−P4 macrocyclic
constraint, the conformationally flexible P2 quinoxaline moiety
can allow the inhibitor to better adapt to structural changes in the
protease active site due to RASs, particularly at Ala156.
Accordingly, compared to 1, the P1−P3 macrocyclic analogue 2
exhibits similar potency against RASs at Arg155 andAsp168 but is
significantly less susceptible to substitutions at Ala156, resulting
in an overall improved resistance profile.13

In addition to conferring conformational flexibility, elimination
of the P2−P4 macrocycle in 1 provides opportunities to further
improve potency and resistance profile by exploring structure−
activity relationship (SAR) at the 3-position of P2 quinoxaline in
both the P1−P3 macrocyclic (2) and linear (3) analogues.
Toward this end, we recently developed a substrate envelope
guided design strategy that aims to exploit interactions with the
invariant catalytic triad, minimize interactions with the S2 subsite
residues, and incorporate conformational flexibility at the P2
moiety, which led to the identification of P1−P3 macrocyclic
analogues of 2with exceptional potency and resistance profiles.17

These excitingfindings encouraged us to explore the SARof linear
compound 3 to identify analogues with improved potency against
drug resistantHCVvariants. In this letter, we report the structure-
guided design, synthesis, and SAR studies of a series of
quinoxaline-based linear NS3/4A PIs. In addition, we report
cocrystal structures of three linear inhibitors with different P2
quinoxaline moieties bound to NS3/4A protease, providing
valuable structural insights to further optimize potency and
resistance profiles.
The synthesis of linearNS3/4APIswith diverse P2quinoxaline

moieties is outlined in Scheme 1. The key Boc-protected P2
intermediates 4a−e were prepared from the corresponding 3-
substituted 7-methoxy-quinoxalin-2-ones by anSN2displacement

reaction with the activated cis-hydroxyproline derivative as
described previously.17 Deprotection of the Boc group and
reaction with N-Boc-L-tert-leucine under HATU coupling
conditions gave the P2−P3 intermediates 5a−e. After ester
hydrolysis, the resulting acids 6a−e were coupled with the P1−
P1′ acylsulfonamide intermediates 7 and 8 to afford the target
inhibitors 3,9b−e, and10a−e. The tert-butyl-capped compounds
were converted to the corresponding cyclopentyl derivatives in
two steps, involving Boc deprotection and reaction with N-
(cyclopentyloxycarbonyloxy)-succinimide, to provide the desired
compounds 11a−e and 12a−e.
The SAR exploration of 3 was focused on optimizing

interactions of the P2 quinoxaline moiety and minimizing direct
interactions with S2 subsite residues. In addition, modifications at
the P1′ (R2) and the N-terminal capping groups (R3) were
investigated (Figure 1). The potency and resistance profiles of the
resulting linear PIs were evaluated using biochemical and replicon
assays. The enzyme inhibition constants (Ki) were determined
againstWTGT1aNS3/4A protease and resistant variants R155K
and D168A (Table 1). For a subset of compounds, cellular
antiviral potencies (EC50) were determined using replicon-based
antiviral assays against WT HCV and resistant variants R155K,
A156T, D168A, and D168V (Table 2). Grazoprevir (1) was used
as a control in all assays.
Compared to themacrocyclic PIs 1 and 2, the linear analogue 3

exhibited significantly lower potency against WT protease (Ki =
19 nM) and experienced an even larger reduction in antiviral
potency (EC50 = 24 nM), as reported previously.13 Compound 3
was also less potent than 1 and 2 against the resistant variants
R155K, D168A, and D168V in both enzyme inhibition and
replicon assays. The significant potency losses for the linear
inhibitor 3 are likely due to the increase in conformational
flexibility and associated entropic penalty of binding to the

Figure 1. Structures of theHCVNS3/4A protease inhibitors grazoprevir
(1), P1−P3 macrocyclic analogue 5172-mcP1P3 (2), linear analogue
5172-linear (3), and SAR compounds.

Scheme 1. Synthesis of HCV NS3/4A Protease Inhibitorsa

aReagents and conditions: (a) 4 N HCl in dioxane, CH2Cl2, RT, 3 h;
(b) Boc-Tle-OH, HATU, DIEA, DMF, RT, 4 h; (c) LiOH·H2O, THF,
H2O, RT, 24 h; (d) HATU, DIEA, DMF, RT, 2 h; (e) 4 N HCl in
dioxane, RT, 3 h; (f) N-(cyclopentyloxy-carbonyloxy)-succinimide,
DIEA, CH3CN, RT, 36 h.
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protease. However, close examination of the overall resistance
profile revealed that fold losses in potency were generally lower
for compound 3 than 1 in both enzyme inhibition and replicon
assays (Tables S1 and 2). Moreover, while 1 was highly
susceptible to the A156T variant (EC50 = 200 nM), with
>1600-fold loss in potency compared to WT, compound 3
showed better antiviral potency against this variant (EC50 = 73
nM). The reduced susceptibility to RASs, particularly at Ala156,
observed for 3 demonstrates that removal of the macrocyclic
linker and the resulting conformational flexibility allows the
inhibitor to adapt to substitutions in the S2 subsite.

To improve potency, analogues of inhibitor 3 with
modifications at the P1′ and P4 capping groups were prepared
and tested. Replacement of the P1′ cyclopropylsulfonamide with
a more hydrophobic 1-methylcyclopropylsulfonamide moiety
generally improved potency of the resulting analogues. Thus,
compared to 3, analogue 10a afforded a slight increase in enzyme
potency against WT protease and resistant variants R155K and
D168A. Similarly, replacing the tert-butyl P4 capping groupwith a
bulkier cyclopentyl moiety in 11a provided compounds with
improved potency. Analogue 12a with the 1-methylcyclopro-
pylsulfonamide moiety at P1′ and cyclopentyl P4 capping group
was 2- and 4-foldmore potent than 3 against theWTprotease (Ki
= 6.9 nM) and D168A variant (Ki = 145 nM), respectively. Thus,
minor modifications at the P1′ and P4 moieties of inhibitor 3
provided analogues with improved potency against WT protease
and the D168A variant.
We have shown thatminimizing inhibitor interactions in the S2

subsite resulted in an overall improvement in potency and
resistance profiles.17 Although the P2 quinoxaline in 3 largely
avoids direct interactions with residues in the S2 subsite, the ethyl
group at the 3-position of this moiety makes hydrophobic
interactions with the hydrocarbon portion of the Arg155 side
chain as well as with Ala156. Thus, in an effort to optimize
interactions with these residues, changes at the 3-position of the
P2 quinoxaline moiety were explored. Based on the cocrystal
structures and SAR results from the P1−P3 macrocyclic series,17
replacing the ethyl group with a smaller methyl group at this
position while reducing overall inhibitor interactions in the S2
subsite was expected to maintain key hydrophobic interactions
with side chains of Arg155 andAla156. As anticipated, compound
9b incorporating the 3-methylquinoxalinewas 2-foldmore potent
than 3 against the R155K andD168A protease variants in enzyme
inhibition assays. However, analogue 10b with the 1-methyl-
cyclopropylsulfonamide moiety at the P1′ position did not show
much improvement in enzyme potency compared to 9b.
Compounds 11b and 12b with the cyclopentyl P4 capping
groupwere slightlymore potent than the corresponding tert-butyl
analogues 9b and 10b against WT and D168A. Furthermore,
compounds 11b and 12b showed nanomolar potency in replicon
assays against WT HCV, and despite losing about 5−20-fold
potency, 12b maintained significant potency against all variants
tested. Although both the 3-ethyl and 3-methyl-quinoxaline
compounds showed similar potencies against WT and R155K
protease variants, PIs with the smaller methyl substituent were
generally more potent against the D168A variant. Together, the
enzyme inhibition and replicon data indicate a preference for
smaller substituents at the 3-position of the P2 quinoxaline to
maintain potency against resistant variants.
Next, a larger isopropyl group was incorporated in compounds

9c and 10c to further explore the optimal size of the substituent at
the 3-position of P2 quinoxaline that can be accommodated in the
S2 subsite without causing unfavorable interactions. These
compounds displayed considerably lower potency compared to
the 3-methyl- and 3-ethyl-quinoxaline compounds across all
variants in enzyme inhibition assays. Moreover, compounds with
a larger isopropyl group at this position were highly susceptible to
RASs atArg155 andAsp168,withKi values in themillimolar range
against the D168A protease variant. Analogues 11c and 12c, with
a cyclopentyl P4 capping group, showed similar trends to the
corresponding tert-butyl analogues across all protease variants
tested. These findings further support our hypothesis that large
substituents at the 3-position of the P2 quinoxaline are
detrimental to potency against resistant variants.

Table 1. Inhibitory Activity against Wild-type HCV NS3/4A
Protease and Drug Resistant Variants

Ki (nM)

compd R1 R2 WT R155K D168A

3 Et H 19 ± 2.7 17 ± 2.3 642 ± 101
10a Et Me 16 ± 1.3 14 ± 1.1 385 ± 31
11a Et H 9.8 ± 2.0 15 ± 2.2 350 ± 30
12a Et Me 6.9 ± 0.5 13 ± 2.7 145 ± 14
9b Me H 18 ± 1.6 8.5 ± 2.1 290 ± 24
10b Me Me 14 ± 2.1 14 ± 1.7 265 ± 26
11b Me H 9.2 ± 0.9 9.6 ± 0.9 144 ± 23
12b Me Me 7.1 ± 1.1 10 ± 1.3 140 ± 13
9c i-Pr H 32 ± 5.1 49 ± 11 1086 ± 137
10c i-Pr Me 29 ± 9.4 27 ± 5.6 1179 ± 170
11c i-Pr H 17 ± 3.2 55 ± 11 985 ± 106
12c i-Pr Me 21 ± 2.6 43 ± 11 1000 ± 80
9d Cl H 7.8 ± 1.1 2.2 ± 0.4 128 ± 16
10d Cl Me 6.1 ± 1.1 3.8 ± 0.6 119 ± 16
11d Cl H 3.8 ± 0.6 4.1 ± 0.5 99 ± 10
12d Cl Me 3.9 ± 0.7 5.2 ± 0.8 51 ± 6.0
9e CF3 H 87 ± 18 24 ± 3.3 723 ± 80
10e CF3 Me 46 ± 9.6 12 ± 1.7 513 ± 50
11e CF3 H 34 ± 8.3 26 ± 7.7 703 ± 63
12e CF3 Me 22 ± 3.4 22 ± 6.9 516 ± 61
2 2.0 ± 0.1 3.1 ± 0.34 91 ± 10
1 0.20 ± 0.1 0.80 ± 0.3 40 ± 5.0

Table 2. Antiviral Activity against Wild-type HCV and Drug
Resistant Variants

Replicon EC50 (nM) (fold change)

compd WT R155K A156T D168A D168V

3 24 50 (2.1) 73 (3.0) >500 (>21) >500 (>21)
11b 10 48 (4.8) 164 (16) 101 (10) 150 (15)
12b 4.5 28 (6.2) 87 (19) 45 (10) 59 (13)
9d 6.6 10 (1.5) 107 (16) 38 (5.8) 12 (1.8)
10d 6.3 10 (1.6) 100 (16) 30 (4.8) 12 (1.9)
11d 7.4 40 (5.4) 292 (40) 50 (6.8) 54 (7.3)
12d 3.1 27 (8.7) 163 (53) 25 (8.1) 23 (7.4)
2 0.33 1.8 (5.5) 9.7 (29) 6.3 (19) 9.1 (28)
1 0.12 1.9 (16) 200 (1667) 11 (92) 5.3 (44)
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After determining the optimal size of the substituent at the 3-
position of the P2 quinoxaline, isosteric replacements of the alkyl
group with different electronic properties were explored. Thus, a
set of compounds bearing a 3-chloroquinoxaline P2 moiety, with
comparable size to the 3-methylquinoxaline, was analyzed. In
general, compounds with the 3-chloroquinoxaline were signifi-
cantlymore potent than the corresponding 3-ethyl- and 3-methyl-
quinoxaline analogues. Compounds 9d and 10d, with a tert-butyl
P4 capping group, showed about 2-fold better potency than the
corresponding 3-methylquinoxaline analogues 9b and 10b
against WT, R155K, and D168A proteases. Similarly, the
cyclopentyl-capped compounds 11d and 12d (WT Ki = 3.8 and
3.9 nM, respectively) were more potent than the corresponding
11b and 12b, showing excellent potency againstWTprotease and
resistant variants. In fact, both 11d and 12d exhibited Ki values
againstWTprotease and resistant variants in the same range as the
macrocyclic inhibitor2 (WTKi = 2.0 nM), indicating that potency
of the quinoxaline-based linear PIs could be improved
significantly by SAR exploration. In replicon assays, the 3-
chloroquinoxaline compounds exhibited the best overall potency
profile among the linear compounds, with PIs 9d, 10d, and 12d
showing significant improvement in replicon potency against the
multidrug resistantHCVvariantsD168A/V (EC50 = 12−38 nM).
However, these compounds were more susceptible to the A156T
substitution than the corresponding macrocyclic analogues.17

The improved potency profiles of the 3-chloroquinoxaline
compounds compared to the corresponding 3-methylquinoxaline
analogues indicate that the chloro group likely renders more
favorable electronic properties to the quinoxaline moiety, which
improves the critical π−π stacking interactions with the catalytic
residue His57.
To further investigate the effect of electron-withdrawing

groups on the activity of the inhibitors, derivatives with a more
electronegative, although relatively larger, 3-trifluoromethylqui-
noxaline were examined. In contrast to the 3-chloroquinoxaline
inhibitors, compounds 9e and 10e showed considerable loss in
potency against WT protease. However, despite relatively lower
potency against WT, the 3-trifluoromethylquinoxaline analogues
were slightly more potent than the corresponding 3-isopropyl-
quinoxaline PIs against the resistant variants R155K and D168A.
Similar trends were observed for inhibitors 11e and 12e with the
cyclopentyl P4 capping group. While it is difficult to separate the
effects of electronic properties of the chloro- and trifluoromethyl-
quinoxaline moieties, it is likely that size played a more important
role in determining the overall potency profile of these inhibitors.

In an effort to explain the observed potency and resistance
profiles, crystal structures of three linear PIs incorporating
different P2 quinoxaline moieties were determined in complex
with WT NS3/4A protease (Table S2). The crystal structures of
WT-12b, -12c, and -12d were compared with our previously
determined structures of 1 and 3 (PDB IDs 3SUD and 5EQQ,
respectively).12,16 These high-resolution (1.78−1.80 Å) struc-
tures provided details of protein−inhibitor interactions to
elucidate the structural differences that underlie varied potency
and susceptibility to resistant variants.
The overall binding mode of linear inhibitors 12b−d is similar

to that ofmacrocyclic inhibitors 1−2 and the parent compound 3,
where the P2 quinoxaline predominately interacts with the
catalytic triad residues (Figure 2). These structures confirm that
the quinoxaline moiety maintains this unique binding con-
formation irrespective of macrocyclization and the substituent at
the 3-position. Inhibitors 12b−d span the S1′−S4 pockets in the
active site, with a conserved hydrogen bond network present in all
WT NS3/4A protease structures. The hydrogen bonds between
the P1 amide and the backbone carbonyl of Arg155 as well as the
P3 amide and Ala157 backbone are maintained. The P1′
acylsulfonamide moiety is positioned in the oxyanion hole,
stabilized by hydrogen bonds with His57, Gly137, Ser138, and
Ser139. Although the overall binding mode of linear analogues is
similar to that of compound 1, there are subtle changes in the
binding of P2 quinoxaline that may impact inhibitor potency.
The differences between the WT cocrystal structures of 1 and

3-methylquinoxaline inhibitor 12b occur predominantly in the S2
subsite. Relative to WT-1, the Asp168 side chain in the WT-12b
structure is shifted to allow additional hydrogen bonding with the
side chain of Arg155 (Figures 2A and 3A). This conformation of
Asp168, which allows theP4 cyclopentyl capping group tooccupy
the S4 pocket, is observed in most WT protease−inhibitor
complexes.12,17 The 3-methylquinoxaline moiety is shifted away
from the catalytic residues toward the S2 subsite relative to the
conformation of P2 quinoxaline in theWT-1 structure. This shift
was also observed in the parent compound 3, though to a lesser
extent, likely to accommodate the larger ethyl group at the 3-
position of quinoxaline (Figure S1). However, despite a larger
shift of the 3-methylquinoxaline moiety, inhibitor 12b has an
improved potency profile against resistant variants compared to3,
likely due to weaker contacts of the smaller methyl group with
residues in the S2 subsite that mutate to confer resistance. Thus,
while a slight shift of the P2 quinoxaline toward the S2 subsite
does not appear to affect the overall potency profile, the

Figure 2.Cocrystal structures ofWT1aHCVNS3/4A protease in complex with linear inhibitors (a) 12b, (b) 12c, and (c) 12d. The protease active site is
presented as a light gray surface with bound inhibitors depicted as orange sticks. The catalytic triad is highlighted in yellow, and drug resistance residues
Arg155, Ala156, and Asp168 are shown as sticks.
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substituent at the 3-position of this moiety significantly impacts
inhibitor potency against resistant variants.
The shift of the quinoxaline moiety toward the S2 subsite

residues was also observed in the WT-12c and WT-12d
complexes (Figure 3B,C), as well as inWT-2 and other structures
of the P1−P3 macrocyclic analogues.17 However, the crystal
structure of inhibitor 12c with the 3-isopropylquinoxaline
revealed an additional rearrangement of the P2 moiety.
Compared to 1, the P2 quinoxaline in 12c, with a larger isopropyl
substituent, packs less against the catalytic His57 andmoves away
from the binding surface toward the solvent (Figure 3B). This
movement of the quinoxaline away from the catalytic His57 is not
observed in the inhibitor complexes with smaller substituents at
the 3-position (Figure 3A,C). Interestingly, this conformation is
reminiscent of the conformation of 1 when bound to the A156T
protease variant (PDB ID 3SUG) (Figure S2), where the larger
threonine residue causes steric clash with the P2−P4 macro-
cycle.12,16 To accommodate the larger side chain in the A156T
protease, inhibitor 1 undergoes a rearrangement resulting in the
shift of the P2 quinoxaline moiety away from the binding surface
toward the solvent, weakening the critical π−π interactions with
the catalytic His57 (Figure S2A). This altered conformation of 1
results in dramatic potency losses against RASs at Ala156.12

Similar to the A156T-1 complex, the altered conformation of
the 3-isopropylquinoxaline results in significantly reduced
interactions with the catalytic His57. Any perturbation to the
protease active site due to RASs may further reduce interactions
with His57. Indeed, the 3-isopropylquinoxaline compounds
exhibit reduced potency against WT relative to the parent
compound 3 and are the most susceptible to resistant variants.
These results suggest that modifications of the inhibitor scaffold
that cause movement of the quinoxaline away fromHis57 toward
the solvent are highly detrimental to potency, whereas movement
of the quinoxaline away fromHis57 toward the S2 subsite residues
has less of an effect on inhibitor potency when a smaller
substituent is present at the 3-position of P2 quinoxaline.

The 3-chloroquinoxaline series exhibited an excellent potency
profile againstWTand resistant variants evenwith a shift of theP2
quinoxaline moiety toward the S2 subsite. Interestingly,
comparison of the WT-12b and WT-12d structures (Figure
3C) did not reveal any noticeable difference in binding poses for
the 3-methyl- and 3-chloro-quinoxaline analogues that could
explain the disparity in inhibitory activity. The electronic effects of
the chloro group appear to improve stacking interactions of the
quinoxaline moiety with the catalytic residue His57, which are
crucial for the binding of inhibitors with a P2 quinoxaline moiety.
Thus, enhancing interactions with the catalytic triad residues by
modifying the inhibitor P2 quinoxalinemoiety is likely to improve
the overall binding energy and potency profiles.
In summary, we have investigated the SAR of quinoxaline-

based linear HCV NS3/4A PIs using a structure-guided design
strategy to improve potency against resistant variants. Cocrystal
structures of three inhibitors with different P2 moieties bound to
WT protease revealed the structural basis for the observed
potency and resistance profiles. Inhibitors with small substituents
at the 3-position of the P2 quinoxaline were preferred for
maintaining potency against resistant variants due to decreased
interactions with the S2 subsite residues. Compounds with larger
groups at this position cause theP2quinoxalinemoiety to shift out
of the active site, weakening critical stacking interactions with the
catalytic His57. These findings further support our hypothesis
that reducing inhibitor interactions with the S2 subsite residues in
the protease active site results in improved resistance profiles.
Moreover, in the absence of a macrocycle, the quinoxaline-based
linear PIs could be optimized by SAR exploration to provide
compounds with potent activity against resistant variants.
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